Introduction
To generate and maintain their surface polarity, cells need mechanisms to specifically target newly synthesized proteins to the correct surface. Secretory and membrane proteins exit from the endoplasmic reticulum in transport vesicles targeted to the Golgi apparatus. In the trans-Golgi network, proteins are sorted into vesicles bound for different destinations including the apical or basolateral plasma membrane. Many proteins targeted to the basolateral membrane contain Tyr-or diLeubased amino acid motifs in their cytoplasmic domains that are recognised by distinct molecular subunits of adaptor complexes (Matter, 2000) . Lipid rafts, domains of the membrane rich in cholesterol and sphingolipids, appear to be instrumental in targeting proteins to the apical membrane (Ikonen, 2001; Simons and Ikonen, 1997) . In the trans-Golgi network, proteins are selectively incorporated into rafts by their glycosyl-phosphatidylinositol (GPI) anchor (Brown et al., 1989; Lisanti et al., 1989; Lisanti et al., 1990b) or, in a few cases, by properties of the transmembrane domain (Huang et al., 1997; Kundu et al., 1996; Lin et al., 1998) and then transported to the apical membrane. Consistent with this raft hypothesis all endogenously expressed GPI-anchored proteins studied are found on the apical surface of polarised cells (Ali and Evans, 1990; Lisanti et al., 1990b; Lisanti et al., 1988) . Studies involving chimeric proteins in which the anchoring domain of a GPI-anchored protein was fused to the ectodomain of a basolaterally sorted protein, resulting in apical delivery of the chimeric GPI-anchored protein, also support the role of lipid rafts in apical targeting (Brown et al., 1989; Lisanti et al., 1990a; Soole et al., 1995) . However, replacement of the cytosolic and transmembrane domains of a basolaterally sorted protein with a GPI anchor may inadvertently remove the dominant basolateral targeting signals to leave a previously masked apical sorting signal in the ectodomain. N-glycans have been reported to act as apical sorting signals for certain secretory proteins (Scheiffele et al., 1995; Su et al., 1999) and for some transmembrane anchored proteins (Gut et al., 1998) . It has been suggested that every study on the targeting of GPI-anchored proteins has used glycosylated proteins (Benting et al., 1999) , raising the possibility that Nglycans may be involved in the apical delivery of GPI-anchored proteins. In addition, virtually every study examining the role of the GPI anchor in apical targeting has used fusion proteins, e.g. normally soluble proteins genetically extended with a Cterminal GPI-anchoring signal sequence, or transmembrane proteins in which the transmembrane and cytosolic domains have been replaced with a GPI anchor. Such a change to the native protein amino acid sequence can lead to unexpected side-effects, such as conformational changes or changes in the patterns of N-and O-glycosylation which may then affect targeting (Nosjean et al., 1997) . To date, no study has systematically investigated the relative contribution of the GPI
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The glycosyl-phosphatidylinositol (GPI) anchor mediates the apical sorting of proteins in polarised epithelial cells through its interaction with lipid rafts. Here we investigated the signals required for the apical targeting of the naturally N-glycosylated and GPI-anchored membrane dipeptidase by selective point mutation to remove the GPI anchor addition signal or the sites for N-linked glycosylation, or both. Activity assays, immunoblotting and immunofluorescence microscopy revealed that the constructs lacking the GPI anchor were secreted from Madin-Darby canine kidney (MDCK) cells, whereas those retaining the GPI anchor were attached at the cell surface, irrespective of the glycosylation status. Wild-type membrane dipeptidase was expressed preferentially on the apical surface of both MDCK and CaCo-2 cells. By contrast, the GPI-anchored construct lacking the N-glycans was targeted preferentially to the basolateral surface of both cell types. In constructs lacking the GPI anchor, the N-glycans also targeted the protein to the apical surface. Both the apically targeted, glycosylated and the basolaterally targeted, unglycosylated GPI-anchored forms of the protein were located in detergent-insoluble lipid rafts. These data indicate that it is the N-glycans, not the association of the GPI anchor with lipid rafts, which determine apical targeting of an endogenously Nglycosylated, GPI-anchored protein in polarised epithelial cells.
anchor and the N-glycans to the intracellular targeting of a naturally GPI-anchored, N-glycosylated protein.
In this study, to investigate the relative contribution of the GPI anchor and the N-glycans to apical targeting in polarised epithelial cells, we used the naturally N-glycosylated and GPIanchored protein membrane dipeptidase (MDP; EC 3.4.13.19 ). This ectoenzyme is located preferentially on the apical surface of kidney epithelial cells (Littlewood et al., 1989) . Porcine MDP is anchored via a GPI moiety attached to Ser368; it has two potential N-glycosylation sites (Asn41 and Asn263) both of which are occupied in the mature protein, and no Oglycosylation sites (Brewis et al., 1995; Rached et al., 1990) . Constructs of MDP lacking the GPI anchor, the two Nglycosylation sites, or both the GPI anchor and the Nglycosylation sites, were generated and stably expressed in MDCK and CaCo-2 cells. All the constructs were enzymatically active and either secreted or expressed at the cell surface. Although wild-type MDP was expressed preferentially on the apical surface of the cells, removal of the GPI anchor did not alter the apical targeting of the protein. By contrast, removal of the N-glycosylation sites, although not disrupting the lipid raft association of the protein, resulted in the protein being targeted predominantly to the basolateral surface.
Materials and Methods
cDNA constructs cDNAs encoding MDP∆GPI, MDP∆gly and MDP∆GPI∆gly were constructed by oligonucleotide-directed mutagenesis of the cDNA encoding porcine MDP (Rached et al., 1990 ) using the Stratagene Quick Change Mutagenesis Kit. Synthesis of MDP∆GPI was accomplished by site-directed mutagenesis of wild-type MDP in pEF-BOS plasmid using the forward primer 5′-ACGGCTACTCA-TGAGCCCCCAGCCT-3′ and the reverse primer 5′-AGGCTGG-GGGCTCATGAGTAGCCGT-3′. Generation of MDP∆gly and MDP∆GPI∆gly was achieved by two rounds of site-directed mutagenesis using either wild-type MDP or MDP∆GPI as template, respectively. In the first step, the triplet codon encoding Asn41 was mutated to Gln using the forward primer 5′-ACCCGGGGGC-CCAACTCTCCAGCCT-3′ and the reverse primer 5′-AGGCTGG-AGAGTTGGGCCCCCGGGT-3′. In the second step, the triplet codon encoding Asn263 was mutated to Gln using the forward primer 5′-CGGCCAAGGCCCAATTGTCCCAAGT-3′ and the reverse primer 5′-ACTTGGGACAATTGGGCCTTGGCCG-3′. The mutants generated were confirmed by DNA sequencing and subcloned into the mammalian expression vector pCIneo (Morin et al., 1997) .
Cell culture MDCK and Caco-2 cells were cultured in Dulbecco's Modified Eagle's Medium supplemented with 10% foetal bovine serum and 50 U/ml penicillin-streptomycin (all from Gibco BRL, Paisley, UK). Cells were maintained at 37°C and 5% CO2 in air. For stable transfections, 30 µg DNA was introduced to cells by electroporation and selection was performed in normal growth medium containing 500 µg/ml neomycin selection antibiotic. Cells were cultured to confluence and then incubated in OptiMEM for 7 hours. After harvesting the conditioned medium, cells were scraped from the flasks into phosphate-buffered saline (20 mM Na2HPO4, 2 mM NaH2PO4, 150 mM NaCl, pH 7.4) and centrifuged at 100 g for 10 minutes. The cells were disrupted in a nitrogen bomb at 800 lb/in 2 (5520 kPa) for 10 minutes. The suspension was centrifuged at 1000 g for 10 minutes and the resulting supernatant centrifuged at 100,000 g for 90 minutes. The resulting membrane pellet was resuspended in 10 mM HEPES/NaOH, pH 7.4. For analysis of the apical and basolateral distribution, cells were seeded on polycarbonate filters and grown to a differentiated confluent monolayer (Kuhn et al., 2000) . The differentiation of cell monolayers was monitored by measuring transepithelial electrical resistance (TER). MDCK monolayers with a TER of approximately 300 Ω cm 2 and Caco-2 monolayers with a TER of ~1000 Ω cm 2 reflected a tight epithelium.
Western blot analysis and activity assays Samples were electrophoresed on 7-17% polyacrylamide SDS gels and transferred to Immobilon P poly(vinylidene difluoride) membranes as previously described . MDP was detected with a polyclonal antibody raised against purified porcine kidney MDP (Littlewood et al., 1989) . Clathrin was detected with a monoclonal antibody (Harlan Sera-Labs, Crawley Down, UK) and caveolin-1 with a polyclonal antibody (Affiniti Research Products, Exeter, UK). Bound antibodies were detected using peroxidase-conjugated secondary antibodies in conjunction with the enhanced chemiluminescence detection method (Amersham, UK). Samples were assayed for MDP activity using the substrate Gly-DPhe, with the released D-Phe detected and quantified by reverse phase HPLC . MDP was purified from porcine kidney cortex by affinity chromatography on cilastatin-Sepahrose following its release from the membrane with bacterial phospholipase C (Littlewood et al., 1989) . Dipeptidyl peptidase IV was assayed using Gly-Pro-p-nitroanilide as substrate in a microtitre plate format (Hooper and Turner, 1988) . Protein was quantified using bicinchoninic acid in a microtitre plate assay with bovine serum albumin as standard (Smith et al., 1985) .
Confocal immunofluorescence microscopy
For indirect immunofluorescence microscopy, cells were cultured on coverslips and incubated for 1 hour in the absence or presence of 150 mU/ml Bacillus thuringiensis phosphatidylinositol-specific phospholipase C (PI-PLC) (a gift from Professor MG Low, Columbia University, New York). The cells were then permeabilised and fixed with 1:1 methanol:acetone for 10 minutes prior to incubation with the anti-MDP antibody and a fluorescein-conjugated secondary antibody, and analysed using a Leitz diaplan scanning confocal microscope. For indirect immunofluorescence microscopy of polarised epithelium, cells were grown on filters to confluency then fixed for 5 minutes with -20°C methanol prior to incubation with anti-MDP antibody, antiNa + /K + ATPase antibody (Sigma) or gp135 monoclonal antibody 3F2 (G.K.Ojakian). Alexa488-and Alexa594-conjugated secondary antibodies (Molecular Probes) were used to visualise the proteins. A series of confocal sections were acquired using a Zeiss LSM510 META microscope equipped with a 40× or 63× oil immersion lens. A 488 nm laser line from an argon laser was used to excite the Alexa488 fluorophore and a 543 nm helium:neon laser line was used to excite the Alexa543 fluorophore. Band pass BP500 and long pass LP560 filters were used to collect the emission signal, respectively. Imaris v4.0.4 (Bitplane, Zurich) software was used to construct the orthoganol sections.
Enzymatic deglycosylation
Samples of membranes or conditioned medium were incubated in 20 mM sodium phosphate, pH 7.5, 50 mM EDTA, 0.02% sodium azide, 5% β-mercaptoethanol and 0.5% SDS. The resultant mixture was boiled for 5 minutes. The sample was allowed to cool prior to the addition of Triton X-100 to a final concentration of 1%. 2 µl peptide N-glycosidase F (PNGase F; Glyko, Oxford) was added to half of the reaction mixture. Samples treated or untreated with PNGase F were incubated at 37°C for 18 hours, then subjected to immunoblot analysis.
Lipid raft isolation
Harvested cells were resuspended in 2 ml Mes-buffered saline (MBS; 25 mM Mes/NaOH, 0.15 M NaCl, pH 6.5) containing 0.5% Lubrol WX at 4°C and homogenised by 15 passages through a Luer 21-gauge needle. Following centrifugation at 500 g for 5 minutes, the supernatant was adjusted to 40% sucrose by the addition of an equal volume of 80% sucrose in MBS. A 1 ml aliquot of the sample was layered beneath a discontinuous sucrose gradient consisting of 2.5 ml 30% sucrose and 1.5 ml 5% sucrose both in MBS. The samples were then centrifuged overnight at 140,000 g in a SW-55 rotor (Beckman Instruments). The sucrose gradients were then harvested from the base of the tube in 0.5 ml fractions.
Results
Expression of MDP constructs lacking either the Nglycans, the GPI anchor or both modifications Constructs of MDP (Fig. 1) lacking the GPI anchor (MDP∆GPI), the two N-glycosylation sites (MDP∆gly) or both the GPI anchor and the N-glycosylation sites (MDP∆GPI∆gly) were generated and stably expressed in MDCK cells.
Membranes and medium from the transfected cells were harvested and the presence of MDP analysed by immunoblotting and activity assays (Fig. 2) . The two anchored constructs, wild-type MDP (wtMDP) and MDP∆gly, were detected in the membrane fraction ( Fig. 2A, lanes 1 and 3,  respectively) , whereas the two non-anchored constructs, MDP∆GPI and MDP∆GPI∆gly, were detected solely in the medium as expected ( Fig. 2A, lanes 2 and 4, respectively) . Activity assays on the membranes and medium samples using a selective substrate of MDP (Fig. 2B) confirmed the immunoblot data with the enzyme activity of wtMDP and MDP∆gly predominantly detected in the membranes and activity of MDP∆GPI and MDP∆GPI∆gly in the medium. The specific activity of each construct was determined by measuring the enzyme activity in either membrane or medium samples with the selective MDP substrate, Gly-D-Phe , and quantifying the amount of MDP protein by immunoblot analysis using a standard curve of purified porcine kidney MDP. wtMDP, MDP∆gly and MDP∆GPI∆gly had , lollipops) and a C-terminal GPI anchor addition signal (chequered box). The GPI anchor is attached to S368. In MDP∆GPI and MDP∆GPI∆gly, A369 was mutated to a stop codon, resulting in secreted proteins. In MDP∆gly and MDP∆GPI∆gly, N41 and N263 were mutated to Gln to prevent Nglycosylation. . The data are the mean±s.e.m. of three determinations. similar specific activities (mean±s.e.m.) of 11.55±1.18, 10.97±2.75 and 8.10±0.38 nmol D-Phe/min/µg MDP, respectively. Surprisingly, the specific activity of the MDP∆GPI construct was higher, at 31.23±2.59 nmol DPhe/min/µg MDP, possibly reflecting the fact that the soluble form of MDP has increased activity relative to the membranebound form (Brewis et al., 1994) although this is not paralleled in the other secreted construct, MDP∆GPI∆gly.
Glycosylation and GPI-anchorage of the MDP constructs
To determine the glycosylation status of the MDP constructs, membranes or medium samples were deglycosylated with PNGase F (Fig. 3A) . The molecular weight of both wtMDP and MDP∆GPI was decreased from 45 kDa to 43 kDa upon incubation with PNGase F indicating that both these constructs were N-glycosylated. By contrast, there was no change in the molecular weight (43 kDa) of either MDP∆gly or MDP∆GPI∆gly upon incubation with PNGase F consistent with these two constructs being unglycosylated owing to the mutation of the Asn residues in the two N-glycosylation sequences. Immunofluorescence microscopy of unpermeabilised cells revealed that both wtMDP and MDP∆gly were localised at the surface of the MDCK cells (Fig. 3B,C) . Incubation of the cells with bacterial PI-PLC, which selectively cleaves GPI anchors, abolished the surface staining (Fig. 3D,E) clearly showing that both wtMDP and Journal of Cell Science 117 (21) MDP∆gly were indeed GPI anchored and localised at the cell surface.
Apical and basolateral distribution of the MDP constructs
In order to study the targeting of the constructs, the MDCK cells were grown to a differentiated state on polycarbonate filters. For cells expressing the GPI-anchored constructs wtMDP or MDP∆gly, their apical and basolateral distribution was assessed by confocal immunofluorescence microscopy and by selective release of the cell surface proteins with bacterial PI-PLC. Confocal immunofluorescence microscopy of the polarised cell layer revealed that wtMDP had a predominant apical distribution (Fig. 4A) . The merged images and the Zaxis view of MDP and apical marker gp135 clearly show colocalisation (Fig. 4A, vii and viii) . Some colocalisation with the basolateral marker Na + /K + ATPase is apparent (Fig. 4A , iii and iv), correlating with the activity data that shows a 60:40 apical:basolateral ratio (see Table 1 ). By contrast, the MDP∆gly construct had a distinctly different pattern of distribution to wtMDP (Fig. 4B) and colocalised with the Na + /K + ATPase (Fig. 4B, i-iv) on the basolateral surface of the cells. Very little colocalisation of MDP∆gly with gp135 at the apical surface was observed (Fig. 4B, v-viii) , again correlating with the activity data (see Table 1 ). The polarised distribution of wtMDP and MDP∆gly was confirmed by adding bacterial PI-PLC to either the apical or the basolateral compartments in order to selectively release the cell surface protein into the medium. The distribution of MDP in the medium harvested from the two compartments was then determined by activity assays (Table 1 ). This approach revealed that wtMDP was expressed preferentially (60.0±2.4%) on the apical surface of the cells, whereas MDP∆gly was expressed preferentially (81.8±1.2%) on the basolateral surface.
To determine whether a similar polarised distribution of wtMDP and MDP∆gly occurred in another cell type, CaCo-2 cells were stably transfected with either construct and the localisation of MDP determined by confocal immunofluorescence microscopy (Fig. 5) . As in the MDCK cells, wtMDP had a predominantly apical distribution in the CaCo-2 cell (Fig. 5A) , whereas MDP∆gly had a predominantly basolateral distribution, colocalising with the Na + /K + ATPase (Fig. 5B) .
The secretion of the two non-anchored constructs, MDP∆GPI and MDP∆GPI∆gly, from polarised MDCK cells was also determined. Medium containing the secreted proteins was harvested from both the apical and basolateral compartments and the presence of MDP determined by activity assays. Removal of the GPI anchor as in MDP∆GPI did not reduce the apical expression of the protein. Indeed this construct was secreted in a more pronounced manner (82.1±1.0%) from the apical surface compared to secretion of wtMDP. Removal of the GPI anchor and the N-glycans as in MDP∆GPI∆gly resulted in the protein being secreted preferentially (76.0±1.9%) from the basolateral surface. Cumulatively, these data show that in two different polarised cell types, it is the N-glycans and not the GPI anchor that direct MDP to the apical surface.
Lipid raft association of the MDP constructs
To determine the lipid raft association of the GPI-anchored MDP constructs (wtMDP and MDP∆gly), MDCK cells expressing these proteins were solubilised in Lubrol WX at 4°C and rafts isolated by buoyant sucrose density gradient To polarised MDCK cells expressing either wild-type MDP or MDP∆gly, 200 mU/ml B. thuringiensis PI-PLC was added separately to each side of the filter and after 1 hour the conditioned medium was harvested. MDP activity in the conditioned medium samples from the apical and basolateral domains was quantified using Gly-D-Phe as substrate.
*Data from one experiment. † Results are mean±s.e.m. of three experiments expressed as the percentage of the total (apical and basolateral) activity in the apical domain. centrifugation (Fig. 6) . The majority of the cellular protein was located in the soluble fractions (fractions 1 and 2) of the sucrose gradients (Fig. 6A) . The position of lipid rafts in the sucrose gradients was determined by immunoblotting with an antibody against caveolin-1 ( Lisanti et al., 1993) . The majority of caveolin-1 in both the wtMDP-expressing cells and in the MDP∆gly-expressing cells was located in fractions 5 and 6 of the sucrose gradients (Fig. 6B) . The distribution in the sucrose gradients of the non-raft proteins clathrin and dipeptidyl peptidase IV was also determined. Both of these proteins were detected exclusively in fractions 1 and 2 (Fig.  6C,D) , corresponding to the solubilised region of the gradients and indicating that the raft fractions were not contaminated with incompletely solubilised membrane fragments. The distribution of wtMDP and MDP∆gly in the sucrose gradients was determined by both immunoblotting (Fig. 6E ) and activity assays (Fig. 6F) . Both constructs were located predominantly (72±5% and 72±6%, respectively) in the lipid raft fractions with negligible enzyme activity or MDP protein present in the soluble fractions of the sucrose gradients, clearly indicating that both constructs were present in lipid rafts.
Discussion
In this study using constructs of MDP lacking the N-glycans, the GPI anchor, or both of these post-translational modifications, we show for the first time on an endogenously Nglycosylated, GPI-anchored protein, that it is the N-glycans, not the GPI anchor, that determines apical targeting in polarised cells. As all of the constructs of MDP were enzymatically active and either secreted from the cells or present at the cell surface, the lack of the GPI anchor or the N-linked glycans did not drastically interfere with the folding or trafficking of the protein.
Both wtMDP and MDP∆gly, which both possess a GPI anchor but were targeted preferentially to the apical and basolateral surfaces, respectively, were present in detergent-resistant lipid rafts, indicating that GPI anchoring is not sufficient for apical targeting. This result is in agreement with the observation that GPI anchoring was not sufficient for apical delivery of rat growth hormone, which is an unglycosylated, unpolarised secreted protein (Benting et al., 1999) , and that free GPI anchors are delivered in an unpolarised manner to the surface of MDCK cells (van't Hoff et al., 1995) . Raft association of proteins located on the basolateral surface has been observed previously (Naim et al., 1995; Neame et al., 1995) and caveolae (sub-domains of detergent-resistant rafts that contain caveolin-1) are enriched on the basolateral surface of MDCK cells (Scheiffele et al., 1998) . It can be concluded that the GPI anchor on MDP causes the protein to associate with lipid rafts in the secretory pathway but that targeting of the protein to the apical surface requires sorting information encoded within the N-glycans. In this context, it is interesting to note that the glycoprotein Thy-1 was secreted from the apical surface after removal of its GPI anchor, leading to the conclusion that sorting information lies elsewhere in the protein other than the GPI anchor (Powell et al., 1991) . However, it was not determined whether the N-glycans on Thy-1 fulfilled this role.
The critical role of N-glycans in the apical targeting of the GPI-anchored MDP is highlighted by the efficient basolateral targeting of the unglycosylated constructs MDP∆gly and MDP∆GPI∆gly. Similarly, only upon addition of N-glycans Journal of Cell Science 117 (21) was the GPI-anchored form of rat growth hormone delivered predominantly to the apical surface of MDCK cells (Benting et al., 1999) . Further support for a role of N-glycans acting as apical targeting signals comes from the observation that in a Concanavalin A-resistant MDCK cell line, which has an unknown defect in glycosylation, endogenous GPI-anchored proteins were distributed in an unpolarised fashion (Lisanti et al., 1990b) . Interestingly, removal of the N-glycans within MDP signalled a switch from apical to basolateral targeting irrespective of the presence or absence of the GPI anchor. This result may imply that a basolateral sorting signal resides in MDP that is masked by the dominant apical targeting determinant in the form of the N-glycans. However, the basolateral targeting determinants identified to date are all localised within the cytosolic domain (Keller and Simons, 1997; Matter, 2000) ; this region is lacking in GPI-anchored and secreted forms of MDP. It is more probable that a default basolateral sorting mechanism exists in MDCK cells (Wessels et al., 1989) and that apical targeting requires a positive signal, such as N-glycans.
It has been postulated that the glycans interact with specific lectin receptors that facilitate sorting in the secretory pathway (Matter, 2000) . One such candidate lectin receptor is VIP36 that recognises high mannose-type glycans, is localised to the early secretory pathway and to the plasma membrane, and has been shown to be involved in the transport and sorting of a number of unspecified glycoproteins in MDCK cells (HaraKuge et al., 2002 ). An alternative hypothesis is that N-glycans play a facilitative role, by providing structural support or preventing aggregation of the proteins, thereby allowing interaction of proteinaceous apical sorting signals with the sorting machinery (Rodriguez-Boulan and Gonzalez, 1999) . In the case of MDP, this latter hypothesis seems unlikely. The basolaterally targeted unglycosylated constructs were appropriately folded, as shown by their trafficking competence and enzyme activity, and thus any proteinaceous sorting signals would still be available for interaction with the apical sorting machinery.
N-glycans do not act as a universal apical targeting signal as they do not function as apical sorting determinants for the hepatitis B surface antigen (Marzolo et al., 1997) , the soluble corticosteroid binding globulin (Larsen et al., 1999) or the transmembrane ectonucleotide pyrophosphatase/ phosphodiesterase NPP3 (Meerson et al., 2000) . In the case of the neurotrophin receptor a juxtamembrane region of the extracellular domain that is rich in O-glycosylated serine/ threonine residues, and not the single N-glycan, was responsible for the apical secretion of both transmembrane and secreted forms of the protein (Yeaman et al., 1997) . As the GPI-anchored MDP lacks an O-glycosylated region, the Nglycans provide the apical sorting information in this case. Further studies are required to determine whether it is a particular glycan sequence on either O-or N-glycans that is responsible for the apical targeting. What is becoming apparent from these studies is that there is a variety of sorting signals responsible for the apical targeting of proteins in polarised cells. However, the data presented here clearly show that Nglycans are involved in the apical targeting of an endogenous GPI anchored protein in MDCK and CaCo-2 cells, necessitating a re-evaluation of the roles of GPI anchors and lipid rafts in the apical targeting of proteins in polarised cells. This work was supported by grants from the Medical Research Council, the Biotechnology and Biological Sciences Research Council of Great Britain, the Wellcome Trust (Bioimaging Facility, University Of Leeds) and a British-German Academic Research Collaboration grant. SP was in receipt of a studentship from the Biotechnology and Biological Sciences Research Council. The apical marker gp135 monoclonal antibody (3F2) was a kind gift from George K. Ojakian (SUNY Downstate Medical Centre, Brooklyn, USA). We thank Professor HY Naim and colleagues (School of Veterinary Medicine, Hannover, Germany), Gareth Howell and other members of our laboratory for advice and helpful discussions.
